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Measurements of the rate of dissociation of CO2 have been made by the 14CO2-CO isotope exchange 
technique on calcium ferrite melts with Ca/Fe = 0.30 at 1300 ~ Studies have also been made 
of the interfacial rates of oxidation of calcium ferrite melts with an average CaO content of 
19.45 wt pct (Ca/Fe --- 0.33) in CO2-CO atmospheres at 1362 ~ It is shown that the rates of oxi- 
dation are consistent with the rates of isotope exchange, indicating a common rate determining step. 
Measurements of the equilibrium Fea+/Fe 2+ ratio as a function of the CO2/CO ratio for 19.3 wt pct 
CaO melts at 1360 ~ and for 28.7 and 18.6 wt pct CaO melts at 1300 ~ are found to be in close 
agreement with the deductions of Takeda, Nakazawa, and Yazawa. Combination of the equilibrium 
data with the results of the isotope exchange studies indicate that the apparent first order rate con- 
stant for the dissociation of CO2 is inversely proportional to the square of the Fe3+/Fe 2+ ratio of the 
melt, as has been previously found for liquid iron oxide, lime-saturated calcium ferrites, silica- 
saturated iron silicates, and an equimolar "FeO"-CaO-SiO2 melt. 

I. INTRODUCTION 

REC ENT studies by isotope exchange techniques tl'2~ of the 
rate of dissociat ion of  C O  2 o n  some FeO- and MnO- 
containing oxide melts have shown that the apparent first 
order rate constant for each melt, ka, is a function of the 
state of oxidation of the melt as well as temperature. For 
liquid "FeO" at 1420 and 1500 ~ "FeO"-CaO(sat) at 
1230, 1500, and 1550 ~ "FeO"-SiO2(sat) at 1240 and 
1400 ~ and MnO-SiO2(sat) at 1500 ~ ka was found to be 
nversely proportional to the activity of oxygen, ao, in the 

melt over the ranges of conditions which were studied. For 
the above iron oxide-containing melts, available thermody- 
namic data p-61 are closely consistent with the relationship: 

(Fea+/Fe2+) 2 oc a o [1] 

for each system. Accordingly, forward rates of reaction 
may be written in the form: 

v = k a p C O  2 = k ~  I [2] 

or 

v = k p C O 2 ( F e a + / F e 2 + )  -2 [3] 

where a o may be conveniently defined as the CO2/CO ratio 
which would be in equilibrium with the melt, and k ~ and k 
are system and temperature dependent constants. 

The simple inverse dependence on the activity of oxygen 
was found n o t  to hold for the equimolar "FeO"-CaO-SiO2 
melt and, possibly, for some other unsaturated melts. I21 For 
the equimolar melt at 1420 ~ forward rates were de- 
scribed by the expression: 

S. SUN is a Postgraduate Student, the Department of Chemical and Mate- 
rials Engineering, University of Newcastle, New South Wales, Australia. 
Y. SASAKI is with the New Materials Research Laboratory, Nisshin 
Steel Company Ltd., Koya-shinmachi, Ichikawa 272, Japan. G.R. 
BELTON is Director, Central Research Laboratories, The Broken Hill 
Proprietary Company Ltd., Shortland, New South Wales, Australia; Ad- 
junct Professor, Department of Materials Science and Engineering, Uni- 
versity of Pennsylvania, Philadelphia, PA 19104; and Honorary Professor, 
Department of Chemical and Materials Engineering, University of New- 
castle, New South Wales, Australia. 

Manuscript submitted January 7, 1988. 

v = k~pCO2ao ~176176 [4] 

over the accessible experimental conditions. However, the 
equilibrium results of Timucin and Morris [71 were shown to 
be reasonably consistent with the relationship: 

Fe3+/Fe 2+ oc a ~ [5] 

for the equimolar melt over the conditions of temperature 
and oxygen activity of the kinetic studies. Accordingly, it 
was concluded that the kinetic data were still in accord with 
the rate law [3]. This is illustrated in Figure 1, where ap- 
parent first order rate constants (mol cm -2 s -] atm -]) for 
several of the melts are presented logarithmically as a func- 
tion of the Fea+/Fe 2+ ratio, and where the lines are drawn 
with a slope of - 2 .  

The present isotope exchange studies on a nominal "FeO"- 
20 wt pct CaO melt at 1573 K were undertaken to examine 
in more detail the dependence of the apparent first order 
rate constant on the Fe3+/Fe 2+ ratio for a melt which has a 
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Fig. 1--Apparent first order rate constants (mol cm 2 s-~ atm-~) for the 
dissociation of CO2 as a function of the Fe~+/Fe 2+ ratio for iron oxide- 
containing melts. H'21 Lines are drawn with a slope of -2 .  
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well-established deviation from the "ideal" behavior repre- 
sented by Eq. [1}. An "FeO"-CaO melt was chosen for this 
purpose in view of the deductions by Takeda et al. tsl from 
their own and other work t3'4'7'81 that equilibrium Fe3+/Fe 2+ 
ratios were closely described by the expression: 

log(Fe3*/Fe 2+) = 0.170 log pO 2 + 0.018 (wt pet CaO) 

5500 
+ - -  - 2.52 [6] 

T 

for "FeO"-CaO melts containing 10 to 35 wt pet CaO from 
about 1473 to 1873 K and for values ofpO2 between about 
one order of magnitude above that for iron saturation to 
10 -4 atm. 

Recent work by Hara et al. ,[9~ however, is consistent with 
a higher dependence for the equilibrium Fe3+/Fe 2+ ratio on 
pO2. For the "FeO"-20 wt pet CaO melt at 1773 K and with 
values of pO2 between about 10 -6 and 0.2 atm, they obtained: 

log(Fe3+/Fe 2+) = 0.208 log pO2 + 1.049 [7] 

Accordingly, additional measurements have been made of 
the equilibrium Fe3+/Fe 2+ ratio as a function of the CO2/CO 
ratio to confirm the dependence over the range of condi- 
tions of the isotope exchange experiments. 

Rate constants for the reduction of liquid "FeO" and 
"FeO"-SiO2 melts I~~ and an iron oxide-containing slag H21 
at iron saturation in CO-containing atmospheres have been 
shown Ij'~'~j to be in close accord with rate constants for the 
isotope exchange reaction. It was concluded that the rate 
determining interfacial chemical step in the oxidation and 
reduction of these melts in CO,- and CO-containing atmo- 
spheres must be that for the dissociation and formation of 
CO2. A similar conclusion was tentatively reached in the 
case of "FeO"-CaO melts in view of the agreement between 
the extrapolated value of the rate constant for isotope ex- 
change on the CaO-saturated melt and reported values H41 of 
the rate constant for the oxidation of liquid calcium ferrites 
in COz-CO atmospheres at 1550 ~ This has been investi- 
gated further in the present work by measurement of the 
rates of reaction of CO2-CO mixtures with "FeO"-20 wt pet 
CaO melts at an average temperature of 1635 K. 

II. EXPERIMENTAL DETAILS 

A. Isotope Exchange Studies 

The experimental technique was essentially the same as 
that described in previous papers, t~'~l Mixtures of 14C en- 
riched CO2 and natural CO were passed down a 3 mm ID 
alumina tube to within about 5 mm of the surface of about 
0.5 gm of the melt held at the base of an open-ended refrac- 
tory containment tube (7 to 11 mm ID) which was inserted 
into a shallow well in an inductively heated platinum-rhodium 
susceptor. Temperature measurement was by means of a 
noble metal thermocouple inserted into the base of the sus- 
ceptor and the whole assembly was held within a silica 
reaction tube by O-ring sealed end caps. After about 30 
minutes, the exiting gas mixture was stripped of CO2 by 
passing through a molecular  sieve (Linde 13X) and 
Ascarite, and the resulting CO was converted to CO2 by 
passing through CuO granules at about 300 ~ Counting 

14 of the C contents of samples of the resulting and initial 

O2 was by the previously described tlSj internal Geiger- 
Miilter tube method. 

A master slag was prepared by melting reagent grade 
Fe203 and CaO in a heavy iron crucible and quenching on a 
steel plate. Chemical analysis of the slag gave a molar ratio 
of Ca to Fe of 0.30 with major impurities of 0.40 wt pet 
SiO2, 0.10 wt pet P205, and 0.04 wt pet A1203. In order 
to minimize changes in slag composition through absorp- 
tion of iron into the Pt-Rh susceptor at low values of the 
CO2/CO ratio, the susceptor was usually preconditioned in 
preliminary experiments with samples of the master slag 
under the CO2/CO ratio of interest. 

B. Equilibrium and Oxidation Rate Studies 

Samples of the slag (0.10 g) were held in a squat plati- 
num crucible (9 mm ID x 10 mm) suspended by a plati- 
num wire which passed through an impervious mullite gas 
inlet tube (3 mm ID) held vertically within the alumina re- 
action tube of a molybdenum or platinum-rhodium wound 
resistance furnace by an appropriate system of O-ring 
sealed end caps. A noble metal thermocouple was attached 
near to the tip of the gas inlet tube. A CO2-CO mixture of 
the desired ratio was passed for about 20 minutes to flush 
out the reaction tube and then the crucible was slowly 
raised until the gas inlet tube was within the mouth of the 
crucible, i.e., about 8 mm from the surface of the melt. Af- 
ter a further period of at least 10 minutes, the crucible was 
either dropped to a water cooled brass block at the bottom 
of the reaction tube or held under a second CO2-CO mix- 
ture for a measured reaction time before being dropped. 
The quenched crucible and contents were weighed and 
placed in oxygen-free hydrochloric acid saturated with 
flowing CO2. After dissolution of the slag, aliquots of the 
solution were titrated for ferrous and total iron with stan- 
dardized potassium dichromate solution. The crucible was 
then rinsed, dried, and reweighed. 

Most experiments were carried out with the master slag 
which had been prepared for the isotope exchange experi- 
ments. Additional slags were prepared by melting together 
A.R. grade Fe203 and CaO in a platinum crucible. Gases 
were purified by standard methods I~6] and flowrates were 
measured by calibrated capillary flowmeters. Two complete 
gas trains were used to allow a rapid, essentially single action 
changeover in CO2/CO ratio for the reaction rate studies. 

III. RESULTS 

A. Rates of Dissociation of C02 

As discussed earlier, It1 the isotope exchange between 
CO2 and CO may be assumed to involve the dissociation 
and reforming of molecules of CO2 at the surface of the 
melt. The apparent rate constant for the dissociation of 
C02, first order with respect to pC02,  is given by: [~] 

ka - ART 1 + B 1 - N(1 + B)/N'  [81 

where ~' is the total volume flowrate of the gas mixture, A 
is the surface area of the melt, B is the value of the CO2/CO 
ratio, and N'  and N are the relative concentrations of 14C 
(counting rates) in the ingoing CO2 and in the CO2 which 
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results from the conversion of CO to CO2 after the reaction, 
respectively. 

In these studies, values of N '  ranged between 5000 and 
30,000 min -~ and values of  N were between 100 and 
2000 min -1 above a background count of about 300 min -1 
for natural CO2. Flowrates were in the range 185 to 450 
ml min -1 (STP) and nominal  melt  areas were 0.38 to 
0.95 cm 2. The results for the experiments at 1300 ~ with 
recrystallized alumina, sapphire (single crystal alumina), 
and lime-stabilized zirconia containment tubes are pre- 
sented logarithmically in Figure 2 as values of the apparent 
first order rate constant, ka, in units of mol cm -2 s -1 a t m  1, 
VS the value of the imposed CO2/CO ratio. Clearly, there 
is no significant effect of  type of containment tube on 
the results. 

The best straight line shown drawn through the data is 
given by the expression: 

k a = 2.88(-+0.28) x I O - 5 ( p C O E / p C O )  -~176176 

�9 mol cm -2 s -1 atm -1 [9] 

where the uncertainties represent two standard deviations. 
Detailed chemical analyses of iron and calcium oxide 

contents were not carried out on all the slag films subse- 
quent to these experiments but, in view of the precondition- 
ing of the susceptor and the low absorptions of iron into the 
platinum crucibles during the oxidation and equilibrium 
experiments (noted later), the above equation is taken to rep- 
resent the rate constants for a melt with constant molar ra- 
tio Ca/Fe = 0.3. Some contamination of the melts occurred 
through reaction with the containment tubes. A1203 con- 
tents of solidified slag films were found to be in the range 5 
to 9 wt pet when recrystallized alumina or sapphire contain- 
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Fig. 2--Apparent first order rate constants for the dissociation of COz on 
a calcium ferrite melt with Ca/Fe = 0.3 at 1300 ~ as a function of the 
equilibrium CO2/CO ratio from the isotope exchange measurements. 

ment tubes were used. ZrO 2 contents were in the range 10 
to 15 wt pet when stabilized zirconia was used. In the latter 
case, however, scanning electron microscopy showed the 
presence of jagged particles of zirconia-rich material in the 
solidified films, presumably from degradation of the fragile 
knife edge of the containment tube. EDAX measurements 
of particle-free areas of the film gave ZrO2 contents of 4 to 
11 wt pet, but predominantly in the range 4 to 6 wt pet. 

B. Equilibrium Results 

Ferric and ferrous oxide contents were determined for 
melts produced from samples of the master slag equili- 
brated with CO2/CO ratios between 0.25 and 140 at a tem- 
perature of 1360 (-+7) ~ The average total iron oxide 
content, which showed no significant trend with the CO2/ 
CO ratio, was 80.2 wt pet with an average scatter of about 
0.7 wt pet. Assuming that the impurity content remained 
constant at 0.5 wt pet, the results, which are presented in 
Figure 3, are taken to be those for a melt with an average 
CaO content of 19.3 wt pet at a temperature of 1360 ~ 

The best straight line through all the data, shown as the 
dashed line in Figure 3, is given by the expression: 

log(Fe3+/Fe 2+ = -0.36(_+0.02) 

+0.36(---0.02) log(pCO2/pCO) 
[10 ]  

where the uncertainties represent two standard deviations. 
Combination of Eq. [6], from the work of Takeda et al.,Ih] 
with thermodynamic data cm for the reaction 

2CO2 : 2CO + 0 2 [11] 

gives the expression: 

log(Fe3+/Fe 2+) = 0.34 log(pCO2/pCO) 

+0.018(wt pet CaO) + 480/T - 0.98 

[12] 
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for a calcium ferrite melt with an average CaO content of 19.3 wt pet at 
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48 I ~ i valid for pCO2/pCO above about 2. Values derived from 
this equation are in close accord with the present experi- 
mental results, as is illustrated by the continuous line 
in Figure 3. The trend of the results at CO//CO ratios be- 
low 2 also appears to be fully consistent with the work of 
Takeda et al. The results of less extensive measurements at 
1300 ~ on melts with mean CaO contents of 28.7 and 18.6 
wt pct are presented in Figure 4. Again, the results are in 
close agreement with the work of Takeda et al. is] 

C. Rates of  Oxidation in C02-C0 Mixtures 

Six sets of oxidation experiments were carried out on the 
nominally 20 wt pct CaO melt. Values of the CO2/CO ratio 
in the pre-equilibration and oxidizing gas mixtures were, re- 
spectively, 3 and 6, 7 and 14, 10 and 20, 20 and 50, 30 and 
50, and 40 and 80. The mean temperature was 1362 ---6 ~ 
and the mean iron oxide content (FeO + Fe203) of the 
quenched specimens was 80.05 ---0.48 wt pct. No signifi- 
cant trend in the total iron oxide content with oxidizing 
conditions was observed and, assuming that the impurity 
content remained constant at 0.5 wt pct, the experimental 
data are taken to be those for a melt with an average CaO 
content of 19.45 wt pct. Weight increases of the platinum 
crucibles were below 1 mg and predominantly below 
0.5 mg. Since such weight increases were also typical of 
the equilibrium experiments over a similar range of CO2/ 
CO ratios, it is unlikely that the results were seriously af- 
fected by transfer of iron from the crucibles during the short 
periods of oxidation. 

The results of the experiments are presented in Figures 5 
and 6 in the form of wt pct Fe203 vs time. Zero time was 
assumed to be 2 seconds after the change-over in gas mix- 
ture since the volume of the glass and refractory tubes be- 
tween the change-over stopcock and the surface of the melt 
was roughly 10 ml and a gas flowrate of 300 ml min-l was 
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used. Initial Fe203 concentrations for the pre-equilibration 
conditions were calculated from Eq. [12] for the average 
CaO content of 19.45 wt pct. These are shown as the short 
horizontal lines on the left-hand axes of Figures 5 and 6. 
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10 -3 I I 
The rate of reaction, v, in mol cm -2 s -l ,  is given by: 

W d pct Fe203 
v - [13] 

16,000A dt 

where W is the mass of the melt (g) and A is the exposed 
surface area (cm2). Rates, derived from the slopes drawn in 
Figures 5 and 6, are listed in Table I. 

Assuming that the reaction is first order with respect to 
pCO2 leads to the rate law: 

v = ka[pC02 - (pfO2)e] [14] 

where (pCOz)e is the partial pressure of CO2 which would 
be in equilibrium with the melt and the pressure of CO in 
the oxidizing atmosphere. Taking this latter pressure to be 
that in the exiting gas mixture, i.e., corrected for the rate of 
production of CO, and assuming that the rates refer to aver- 
age melt compositions at about the mid-points the linear re- 
gions in Figures 5 and 6, leads to the values of the apparent 
first order rate constant shown in the last column of Table I. 
Assuming an uncertainty of -+0.4 wt pct in the initial Fe203 
contents and drawing several initial slopes through the ex- 
perimental data suggests that these values are uncertain by a 
factor of about 2. 

IV. DISCUSSION 

A. Rates of Reduction, Oxidation, and Isotope Exchange 

Nagasaka et al. i~o] have measured rates of reduction of 
calcium ferrite melts at iron-saturation in CO-containing at- 
mospheres. Under conditions where the effects of mass 
transfer processes could be ignored, the rates were found to 
be first order with respect to the pressure of CO, i.e., 

v = k 'pCO [15] 

The interpolated value of k '  for the 24 mol pct CaO melt (Ca/ 
Fe = 0.3) at 1400 ~ is 3.9 x 10 -5 mol cm -2 s -1 atm -~. 

From Takeda et al., Isl iron saturation for this melt at 
1400 ~ occurs at pCO2/pCO = 0.17. Accordingly, and 
assuming microscopic reversibility, the first order rate con- 
stant for oxidation of this melt, ka, should be about 2.3 x 
10 -4 tool cm -2 s -1 atm -l. This value is shown to be in rea- 
sonable accord with the apparent first order rate con- 
stant for isotope exchange for the melt  with a similar 
Ca/Fe ratio at 1300 ~ in Figure 7. The difference would 
be fully accounted for by an activation energy of about 
30 kcal mol -~ (125 kJ mol ~). 

Rate constants for the oxidation of melts at 1362 ~ from 
the present work are also presented in Figure 7 as a function 
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Fig. 7--Apparent  first order rate constants for the oxidation of calcium 
ferrite melts by CO2 as a function of the oxygen activity of the melt ex- 
pressed as the equilibrium CO2/CO ratio. Ca/Fe = 0.3. 

of the oxygen activity, expressed as the CO2/CO ratio which 
would be in equilibrium with each melt. The Ca/Fe ratio for 
these melts is 0.33 -+0.01. Despite the temperature differ- 
ence and the large uncertainties in the values, the trend and 
results are sufficiently close to those for the isotope ex- 
change reaction to indicate that the rate determining steps 
are the same. 

Thus, based on Eq. [9], the interracial rate of oxidation 
(or reduction) of a calcium ferrite melt with Ca/Fe -~0.3 
in CO2-CO atmospheres at 1300 ~ should be described by 
the expression: 

v = 2.88 • 1 0 - 5 ( p C O 2 a o  ~ - pCOa~21)mol cm -2 s -~ 

[16] 

within an uncertainty of about -+20 pct, for values of ao be- 
tween about 0.2 (iron saturation) and 30. 

B. The Dependence of  the Rate Constant on the State of  
Oxidation of the Melt 

In Figure 8, the apparent first order rate constants from 
the isotope exchange experiments are shown plotted loga- 
rithmically against the Fe3+/Fe 2+ ratio which would be in 
equilibrium with each value of the C O J C O  ratio for a cal- 

Table I. Initial Rates of Oxidation of Calcium Ferrite Melts Containing 19.45 Wt Pct CaO at 1362 ~ in COs-CO Atmospheres 

pCOz/pCO 
Pre-equilibration 

Ascribed Melt 
Rate Composition 

Oxidizing mol cm -2 s -t x 107 Wt Pct Fe203 
Rate Constant  

mol cm -2 s -~ atm -~ x 106 

3 7 24.4 35.8 9.8 
7 14 13.7 41.0 4.5 

10 20 13.7 43.1 3.9 
20 50 12.7 48.9 3.5 
30 50 6.0 51.0 3.0 
40 80 4.9 52.0 1.3 

METALLURGICAL TRANSACTIONS B VOLUME 19B, DECEMBER 1988--963 



u 10-  
_ 

'7 ~- (/) _ 

I 

E - 
U 

0 
E 

10 - 5  _ 

b - 

r 

10-6 

01 

I I I 

\o 

l l t i  i t I I I I I I  

o S L O P E  = - 2  \ /  

O 

\ 

0 

\ 

I I I I I III] I I t t 1 II 

I 10 

Fe3 'Fe 2" 
Fig. 8 -  Apparent first order rate constants for the dissociation of CO2 on 
a calcium ferrite melt with Ca/Fe = 0.3 at 1300 ~ from the isotope ex- 
change measurements, as a function of the Fe3+/Fe 2§ ratio of the melt. 

cium ferrite melt with Ca/Fe = 0.3 at 1360 ~ In view of 
the agreement between the ,present equilibrium studies and 
the work of Takeda et al.,loJ the assessment of these latter 
workers was used to derive values of the Fe3+/Fe 2+ ratio. A 
slope of - 2  is in good accord with the data. 

As noted earlier, the melts contained A1203 or ZrO2 
from reaction with the containment tubes. Limited infor- 
mation obtained during phase equilibrium studies of the 
FeO-Fe203-CaO-A1203 system by Imlach and Glasser t~81 is 
consistent with additions of several wt pct A1203 having 
negligible effect on the Fe3+/Fe 2~ ratio at low oxygen pres- 
sures. No information is available on the effect of ZrO2 
on equilibrium Fe3+/Fe 2+ ratios but, by analogy with the 
effect of TiO2 on liquid iron oxide at iron saturation, fs~ the ef- 
fect is likely to be negligible. Accordingly, it is reasonable 
to conclude that the kinetic data are consistent with the 
relationship: 

ka ~: (Fe3+/Fe2+) 2 [17] 

over the range of conditions of the experiments. 
From the present work and the data summarized in Fig- 

ure 1 it thus appears that for liquid iron oxide and melts of 
high iron oxide concentration containing silica and/or lime, 
expression [17] describes the dependence of the apparent 
first order rate constant on the state of oxidation of each 
me l t - - a t  least over the range of conditions accessible to 
the isotope exchange technique. 

As previously discussed, 11'21 expression [17] and rate 
law [3] are consistent with a predominant rate determining 
step which involves the dissociation of a doubly charged 
(negative) adsorbed COz molecule or activated complex 
which includes one COz molecule. The surface concentra- 
tion of the transient charged species is given in terms of 

pC02 and the concentrations of electron donors and accep- 
tots by a virtual electrochemical equilibrium of the form: 

CO2(g) + 2Fe 2+ = CO~-(ad) + 2Fe 3+ [18] 

as 

FCO~- = KpCO2(Fe2+/Fe3+) 2 [19] 

where FCO~- is a (low) surface concentration and K is a 
temperature dependent constant for each system. The rate 
of the dissociation of CO2 is then proportional to FCO~-. 

All the melts which have been found to fit this model are 
known to exhibit significant semiconductivity. Ionic current 
efficiencies during electrolysis at iron saturation have been 
found to lie between about 2.5 and 90 pct. [~9'2~ Possibly, 
the class of melts for which expression [17] holds is re- 
stricted to those showing relatively high electronic charge 
mobility. At low iron oxide (or other transition metal oxide) 
content the rate of charge transfer may be insufficient to 
maintain the virtual equilibrium represented by Eq. [18]. 
Other rate determining mechanisms would then be expected 
to dominate. 
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